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It is well established that in 
teleosts, as in other vertebrates, the 
plays 
important role in regulating gameto- 


pituitary-gonadal axis an 


genesis. In most cases, gonadotropins 


act through the biosynthesis of 
gonadal steroid hormones which in 
turn mediate various stages of 
gametogenesis including oocyte 


growth, oocyte maturation, spermato- 
genesis and spermiation. Thus, the 
determination of steroid hormones in- 
volved in each process is a significant 
research goal for scientists interested 
This article 


reviews some of recent findings on 


in the fish reproduction. 


the identification of steroidal regu- 
lators in gametogenesis and the sites 
and mechanisms of these regulators. 


GONADOTROPIN 


The question of whether fish 
possess one or two gonadotropins in 
the pituitary gland has been con- 
troversial (Burzawa-Gerard, 1982; 
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Van Oordt and Peute, 1983; Idler and 
Ng, 1983). 
biochemical evidence that teleosts, 
similar to other vertebrates, possess 
two gonadotropins. Idler and his 
colleagues (Idler and Ng, 1983) have 
carbo- 


There is now, however, 


isolated two gonadotropins, 
hydrate-rich “maturational” gonado- 
tropin and carbohydrate-poor “vitello- 
genic” gonadotropin. More recently, 
two distinct carbohydrate gonado- 
tropins, designated as GTH I and 
GTH II, 


characterized 


isolated and 
of 
spawning chum salmon, Oncorhynchus 
keta (Suzuki et al., 1988a, 1988b; Itoh 
et al, 1988; Kawauchi et al., 1989). 
Each of these gonadotropins consists 


have been 
from pituitaries 


of a and 6 subunits, the 8 subunits 
having amino acid sequence identities 
of 31%. GTHI and GTH II have 
also been purified in coho salmon, 
Oncorhynchus kisutch, (Dickhoff and 
Swanson, 1990) and they are chemi- 
cally similar to the chum salmon 
gonadotropins. Both GTH I and GTH 
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II are steroidogenic, and differ only 
in their relative potencies (Suzuki et 
al., 1988c). Plasma levels of GTH I 
show an extended increase during 
vitellogenesis/spermatogenesis, and a 
decline at the time of spawning. On 
the other hand, plasma levels of GTH 
II were constantly low throughout 
vitellogenesis/spermatogenesis and 
increased dramatically at the time 
of spawning in the late autumn 
(Dickhoff and Swanson, 1990). Taken 
together, it is suggested that in 
addition to the established role of 
GTH II during final gonadal matura- 
tion, GTH I may play a role during 
vitellogenesis and spermatogenesis. 
In this review, the term gonadotropin 
is taken to refer to the glycoprotein- 
rich maturational gonadotropin or 
GTH II. 


OVARY 


Structure 


The teleost ovary consists of 


oogonia, oocytes and surrounding 


follicle cells, supporting tissue or 
and vascular and nerve 
With the growth of the 


oocytes, follicle cells multiply and 


stroma, 
tissue. 


form a continuous follicular layer 
(granulosa cell layer). Simultane- 
ously, the surrounding stromal con- 


nective tissue elements also become 


separate the 


organized to form the distinct outer 
layer of the follicular envelope (the 
thecal layer). Therefore, vitellogenic 
oocytes, like those of other verte- 
brates, are composed of two major 
cell layers, an outer thecal cell layer 
and an inner granulosa cell layer 
which are separated from each other 
by a: distinct basement membrane. 
The thecal layer contains fibroblasts, 
collagen fibers and capillaries, and, 
in some species, special thecal cells 
(Nagahama, 1983). 

A simple dissection technique to 
follicles of 
salmonids into two cell layers, the 
thecal and granulosa 


ovarian 


has 
made it possible to elucidate the role 


layers, 


of each layer and gonadotropin in 
the overall process of steroid pro- | 
duction (Kagawa et al., 1982). Our 
indicate that the 
thecal and granulosa 


in vitro studies 
cell layers 
cooperate in the production of 
steroidal mediators of oocyte growth 


and maturation (see below). 


Oocyte growth (Vitellogenesis) 


Oocytes of nonmammalian verte- 
brates grow while arrested in the 
first meiotic prophase. The principal 
events responsible for the enormous 
growth of fish oocytes occur predo- 
minantly during the phase of de- 
velopment termed vitellogenesis, and 
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involve the sequestration and packag- 
ing of a hepatically derived plasma 
yolk 


vitellogenin, into 


is selectively 


precursor, 
protein. Vitellogenin 
taken up from the blood stream by 
developing oocytes (Wallace, 1985). 
Ultrastructural evidence shows that 
vitellogenin is incorporated into the 
oocyte by micropinocytosis (Selman 
and Wallace, 1982). Jn vitro culture 
systems have been developed for 
studying vitellogenin 
into vitellogenic follicies of rainbow 


sequestration 


trout, Oncorhynchus mykiss and 


Fundulus heteroclitus, and have been 


demonstrate receptor- 


used to 
mediated vitellogenin 


by these oocytes (Tyler et al., 1987, 


incorporation 


1988, 1990; Kanungo et al., 1990). 
More recently, the binding for 
vitellogenin was characterized in 


isolated oocyte membranes of the 
tilapia, Oreochromis niloticus (Chan 
et al, 1991). Saturation and Scat- 
chard analyses revealed only a single 
class of binding site. The number 
and affinity of these bindings greatly 
increased from the previtellogenic to 
the vitellogenic stages and remained 
unchanged until the preovulatory 
stage, at that time the affinity of the 
bindings was also highest. These 
findings provide unequivocal evidence 
that the binding sites in the tilapia 


oocytes are specific receptors for 


vitellogenin. 3 

It is well established that vitel- 
logenesis in teleosts is promoted by 
a two-step mechanism in which 
gonadotropin increases ovarian secre- 
tion of estradiol-178, which in turn 
stimulates the hepatic synthesis and 
secretion of vitellogenin (Wallace, 
1985; Ng and Idler, 1983) (Fig. 1). 
In all of the teleost species studied 
so far, elevated levels of estradiol- 
178 have been reported in females 
during active vitellogenesis. Besides 
stimulating estradiol-178 production, 
gonadotropins appear to stimulate 
the ovary to incorporate vitellogenin 
into the oocytes (J.P. Sumpter and 


R. E. Peter, personal communication). 


However, the details of this action 


of gonadotropins are unknown. 
Recently, another possible func- 
tion of estrogens during oocyte 
growth has been demonstrated in the 
. One of the 


observed 


medaka, Oryzias latipes. 


most striking features 
during oocyte growth in the teleosts 
is the function of a thick, highly 
differentiated zone (egg membrane, 
vitelline membrane, zona radiata and 
zona pellucida) lying between granu- 
losa layers and oocytes. Although 


the exact mechanism by which the 


‘egg membrane is formed in teleost 


oocytes is still unknown, recent 
findings by Hamazaki et al., (1987a, 
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Fig. 1. 
in salmonids. 


1987b, 1989) are of great interest. 
These authors that the 
glycoprotein constituent of 


reported 
major 
the inner layer of the medaka egg 
membrane is synthesized in the liver 
under the influence of estradiol-178. 
Obviously, further studies are neces- 


sary to determine whether a similar 


in the 
formation of egg membranes in other 


mechanism also functions 


teleost species. 


Two-celk type model 


Numerous studies have demons- 
trated that in the teleosts estradiol- 


178 levels in the plasma increase 


20 QO 


Hormonal regulation of oocyte growth eE and maturation 


ax 


17a,20B-Dihydrox ee 


Maturation-promoting A 


Germinal 
vesicle 


vo Oocyte maturation 


during vitellogenesis and rapidly 
decline prior to the oocyte maturation 
(Kagawa et al., 1983). It is believed 
that the primary site of estradiol-178 
production in the teleost ovary is 
follicle cells which surround vitel- 
logenic oocytes. Using various 
follicular preparations obtained from 
vitellogenic amago. salmon (Oncor- 
hynchus rhodurus) and rainbow trout, 
we examined the effects of salmon 
gonadotropins on estradiol-178 pro- 
stimulates 


duction. Gonadotropin 


estradiol-178 production by intact 
follicles and thecal and granulosa 


cell layers co-culture preparations, 
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but not by the isolated thecal and 
granulosa cell layers (Kagawa et al., 
1982). 
both cell layers are necessary for 


These results indicate that 
the gonadotropin-stimulated estra- 
diol-178 production. Experiments 
examining the effects of conditioned 
media from incubates of one follicle 
cell layer on steroidogenesis by the 
other cell layer revealed that the 
thecal cell layer produced a steroid 
precursor which was metabolized to 
estradiol-178 in the granulosa cell 
We further identified testo- 
sterone as the major aromatizable 
androgen produced by the thecal 
cell layers in response to gonado- 
tropin (Adachi and Nagahama, 1990). 
stimulated 


layer. 


Gonadotropins greatly 
testosterone production by the thecal 
layers but only slightly stimulated 
testosterone production by the other 
follicular preparations. Incubation 
of granulosa layers with exogenous 
elevated 


testosterone resulted in 


estradiol levels, whereas isolated 
thecal layers incubated with testo- 
sterone produced relatively small 
amounts of estradiol-178 which 
should be attributed to the con- 
tamination of thecal layer prepara- 
tions with granulosa cells. 
Considering all of these data, a 
two-cell type model in the production 


of follicular estradiol-17p has been 


Oo 


proposed (Fig. 2). In this, model, 


the thecal cell layer, under the 
influence of gonadotropin, secretes 
the androgen substrate (probably 


testosterone) which diffuses into the 


granulosa cell layer where the 
localized exclusively 
(Kagawa et al, 1985; 
1987b). Restricted distribution of 


testosterone and estradiol-178 was 


aromatase is 
Nagahama, 


confirmed immuno-histochemically in 
vitellogenic ovarian follicles of rain- 
bow trout (Schulz, 1986). We have 
found that the thecal cell layer from 
amago salmon and the granulosa cell 
layer from rainbow trout could 
produce the same effect as has been 
reported using combination of the 
thecal and the granulosa cell layers 
from the same species. The reci- 
procal use of amago salmon granulosa 
and rainbow trout thecal cell layers 
‘This 
implies that there may be little 


was also effective. finding 
species specificity of each of these 
cell layers among salmonids (Naga- 
hama, 1987b). 


type model described above does not 


However, the two-cell 


seem to be valid for the Fundulus 
(killifish) and medaka, 
In these species, in 


heteroclitus 
Oryzias latipes. 
which special thecal cells are not 
in the thecal 
follicle cells (granulosa cells) are the 


evident layer, the 


major site of steroid synthesis and 
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Fig. 2. Two-cell type model for the production of estradiol-178 and 17a, 208- 
dihydroxy-4-pregnen-3-one by vitellogenic and post-vitellogenic follicles 


of salmonids. 


that the production of estradiol-17£ 
does not require the involvement of 
two cell types (Petrino et al., 1989: 
Onitake and Iwamatsu, 1986). 


Gonadotropin action on thecal and 


granulosa cell layers 


Gonadotropin action on the testo- 
sterone production in the thecal layer 
is mimicked by drugs which raise 
intracellular concentrations of cAMP. 
Therefore, these results are con- 
sistent with the general hypothesis 


that gonadotropin acts on thecal cell 


layers to stimulate the testosterone 


production through a receptor- 
mediated adenylate cyclase-c AMP 
system. More recent studies have 


demonstrated that other intracellular 
signalling molecules including cal- 
cium, calmodulin, protein kinase C 
and arachidonic acid are involved in 
gonadotropin-induced testosterone 
production by intact preovulatory 
follicles of goldfish, Carassius auratus 
(Van Der Kraak, 1990, 1991; Van 
Der Kraak and Chang, 1990). 

It is 


interesting to note the 
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presence of gonadotropin receptors 
in the 
salmon vitellogenic follicles. 


granulosa cell of amago 
It was 
found that in this species gondo- 
tropins and several agents known to 
intracellular cAMP 


failed to enhance the 


increase level 
l aromatase 
activity in granulosa layers at all 
developmental stages. Nevertheless, 
the aromatase activity in granulosa 
cell layers markedly increased during 
vitellogenesis. Thus, the mechanism 
of the activation of the amago salmon 
granulosa cell aromatase system is 
unknown at present. 

We also 


chanism of aromatase activation in 


investigated the me- 


follicles of 
the 


sequence of events such as vitel- 


the early vitellogenic 


medaka, a species in which 


logenesis, oocyte growth, meiotic 
maturation and ovulation can be 
timed accurately (Sakai et al., 1987). 
Using this model, we have demon- 
strated a progressive increase in 
the aromatase activity, assessed in- 
directly by the conversion of exo- 
genous testosterone to estradiol-17£, 
in vitellogenic follicles isolated be- 
tween 28 and 20 hr before spawning 
(Sakai et al., 1988). 


the aromatase activity was markedly 


In this species, 


enhanced by pregnant mare serum 
gonadotropin (PMSG) after 18 hr of 
incubation of vitellogenic follicles 


isolated at 32hr before spawning. 
This action of PMSG was mimicked 
by forskolin and dbcAMP which are 


“known to raise the cellular level of 


cAMP. This enhancing effect of 
PMSG, forskolin and dbcAMP on 
aromatization was completely in- 


hibited by actinomycin D and cyclo- 
heximide. These results suggest that 
PMSG induces the aromatase activity 
in medaka vitellogenic follicles via 
an adenylate cyclase-cAMP system. 
Furthermore this action of PMSG 
is dependent upon both  transcri- 
ptional and translational processess 


(Nagahama et al., 1991). 


Oocyte maturation 


A period of oocyte growth is 
followed by a process called oocyte 
(the 
meiosis) which occurs prior to the 


maturation resumption of 


ovulation and is prerequisite for a 


successful fertilization. In some 
species such as goldfish, the first 
visible event of maturation is the 


migration of the germinal vesicle 
toward the animal pole. This process 
is followed by several processes in 
the nucleus and cytoplasm of the 
oocyte; these include the breakdown 
vesicle (GVBD) 


(which indicates the end of prophase 


of the germinal 


I), condensation of the chromosomes, 
formation of a spindle, and extrusion 
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Fig. 3. 17a, 208-dihydroxy-4-pregnen-3-one-induced 


oocyte maturation of seabream. 


The bar 


represents 2004xm. Oocytes were incubated 
with steroid (0.lug/ml) for 0(A), 8 (B), 10 


(C) and 12 (D) hr. 


drop. 


of the first polar body (which marks 
the completion of meiosis I) (Masui 
and Clarke, 1979; Goetz, 1983; Naga- 
hama, 1987c). 
ration, the oocytes of some seawater 
fish become almost completely trans- 
lucent due probably to the hydration 


During meiotic matu- 


and peripherally attached oil droplets 
gradually coalesce with one another 
(Adachi ef al., 1988) (Fig. 3). 
Numerous investigations on the 
oocyte maturation have been con- 
ducted with the teleosts, 
because oocyte maturation in these 


primarily 
species can be readily induced im 
vivo by hormonal manipulation or by 
raising water temperature. However, 
detailed investigations of the precise 
hormonal regulation of oocyte matu- 
ration became possible when it was 
discovered that oocyte maturation 
can be induced im vitro by adding 
either gonadotropins or steroid hor- 


“ Arrow indicates an oil 


mones to culture media containing 
fully grown postvitellogenic ovarian 


follicles. It is generally accepted that 


in teleosts, as in amphibians, the 


oocyte maturation is regulated by 


three major mediators, namely, 
gonadotropin, maturation-inducing 
hormone (MIH) and maturation- 


promoting factor (MPF) (Nagahama, 
1987c) (Fig. 1). 


Gonadotropin 


It has been demonstrated that 
the gonadotrophic hormones stimu- 
late meiotic maturation in follicle- 
enclosed oocytes, but not in defollicu- 
lated oocytes (Goetz, 1983; Nagahama, 
1987c). Cyanoketone, a specific in- 
hibitor of  38-hydroxy~A°-steroid 
dehydrogenase completely abolished 
the maturational effects of gonado- 
tropin (Young ef al., 1982; DeManno 


and Goetz, 1987). These findings 
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that the 
trigger maturation by stimulating 


suggested gonadotropins 
the follicle cells to synthesize a A‘- 
steroid that acts directly on the 


oocyte to cause maturation. 


Maturation-inducing hormone (MIH) 


A number of steroids, particularly 
C21-steroids, have been reported to 


induce oocyte maturation in vitro 
(Jalabert, 1976; Iwamatsu, 1978; 
Fostier et al., 1983; Goetz, 1983; 


Nagahama et al., 1983; Greeley et al., 
1986; Canario and Scott, 1988; Trant 
and Thomas, 1988). These include 
progesterone, 17a-hydroxyprogeste- 
rone, 17a, 208-dihydroxy-4-pregnen- 
3-one (17a,208-DP), 17a, 208, 21- 
trihydroxy-4-pregnen-3-one (208-S), 
cortisol and deoxycorticosterone. 
Testosterone as well as other C19- 
steroids have been shown to induce 
maturation only at high 
Estradiol-176 
other Cl8-steroids are generally not 
effective in inducing oocyte matura- 
tion in the teleost oocytes. 
steroids 


oocyte 


concentrations. and 


Among the tested in 
vitro so far, 17a,208-DP is the most 
effective steroidal inducer of GVBD 
1987a ; 


Likewise, 


in salmonids (Nagahama, 
Scott and Canario, 1987). 
in a number of non-salmonid species, 
17a,208-DP acts as an 


mediator of the 


important 


steroidal oocyte 


maturation (Goetz, 1983; Stacey ef 
al., 1983; Scott et al., 1984; Greeley 
et al., 1986; Upadhyaya and Haider, 
1986). It was found that 17a, 208-DP 
and 208-S are equally potent inducers 
of the oocyte maturation in Atlantic 
croaker, Micropogonias undulatus 
oocytes (Trant and Thomas, 1988). 
However, in two teleost species, the 
Indian catfish, Heteropneustes fossilis 
(Goswami and Sundaraj, 1974) and 
the zebrafish, Brachydanio rerio (Van 
Ree et al., 1977), corticosteroids are 
the most effective steroids for in- 
ducing GVBD. The presence of 17a, 
208-DP has been demonstrated both 
in vivo (Young et al., 1983b; Yama- 
uchi et al., 1984) and in vitro (Kime 
and Bieniarz, 1987) at the time of 
oocyte maturation. 


Identification of MIH 


In 1985, for the first time in any 
vertebrate, we purified and character- 
ized the maturation-inducing hormone 
of amago salmon from the media in 
which 
folliculated oocytes of amago salmon 
had been incubated with partially 


immature but fully grown 


purified chum salmon gonadotropin 
Adachi, 1985). 
Twenty fractions were separated by 
the high 
performance liquid chromatography. 


(Nagahama and 


use of reversed-phase 


Maturational activity, assesed by the 
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in vitro GVBD assay, was found only 
in one fraction which had a retention 
time coinciding exactly with 17a, 
208-DP. The and final 
characterization of this active frac- 


purity 


tion were further confirmed by thin 


layer chromatography and mass 


spectrometry. with authentic 17a, 
208-DP. 

A specific radioimmunoassay 
developed for 17a,208-DP has been 
used to measure the blood concen- 
trations of this steroid during the 
life history of female amago salmon. 
As we high plasma 
levels of 17a, 208-DP were found only 
in mature and ovulated females; the 


anticipated, 


levels were found to be very low or 


nondetectable (less than 30 pg/ml) in 
females during the remaining period 
of their life (Young et al., 1983b). 


The relative effectiveness of a range 


of pregnene derivatives in inducing 
GVBD was investigated in vitro using 
amago salmon oocytes. Of the 
steroids tested, 17a, 208-DP was found 
to be the most effective inducer of 
GVBD 1983). 
Based on these observations, it was 
concluded that 17a,208-DP is the 


major naturally occurring matura- 


(Nagahama et al., 


ama go 
Further 
studies from our laboratory and others 
17a,208-DP functions 


tion-inducing hormone in 
salmon (Nagahama, 1987a). 


suggest that 


as the maturation-inducing hormone 
common to several salmonids (Fostier 
et al., 1973; Jalabert, 1976; Goetz, 
1983; Scott et al., 1983; Yamauchi et 
al., 1984; Canario and Scott, 1988). 
More recently, 208-S has been 
identified as a naturally occurring 
maturation-inducing steroid of the 
Atlantic croaker, a marine perciform 
fish (Trant et. al., 1986; Trant and 
Thomas, 1989a). 
S was found to be one of the most 


In this species, 208- 


potent steroids to induce GVBD in 
vitro (Trant and Thomas, 1988). 
Exposure of maturing ovarian fol-: 
licles to HCG in vitro greatly in- 
creased their production of 208-S,. 
with a concomitant increase in the 
rate of oocyte maturation in vitro. 
Furthermore, in vitro production and 
plasma levels of 17a,208-DP during 
the period of oocyte maturation were 
very low in this species (Trant and 
1989b). These | 
strongly support that 208-S is a 
major MIH in Atlantic 
The involvement of 208-S 
in the induction of oocyte maturation 


Thomas, results 
natural, 
croaker. 


is also suggested ina closely related 
species, spotted seatrout, Cynoscion 
nebulosus (Thomas and Trant, 1989). 
However, 208-S does not appear to 
be involved in the induction of oocyte 
maturation in salmonids, since there 
is no evidence for the presence of 
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large amounts of this steroid in the 
blood of female salmonids undergoing 
maturation or ovulation (Scott and 
Canario, 1987). 


Two-cell type model 


Using incubation . techniques of 
isolated salmonid follicular prepara- 
tions similar to those used for the 
studies on the follicular estradiol-17 
production, a two-cell type model has 
been proposed, for the first time in 
any vertebrate, for the follicular 
maturation-inducing 
In this 
model, the thecal cell layer produces 
that tra- 


production of 
hormone (Figs. 2 and 4). 


1l7a-hydroxyprogesterone 
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verses the basal lamina and is con- 
verted to 17a, 208-DP by the granu- 
losa cell layer where gonadotropin 
acts to enhance the activity of 208- 
hydroxysteroid dehydrogenase (208- 
HSD), the key enzyme involved in the 
conversion of 17a-hydroxyprogeste- 
rone to 17a,208-DP (Young et al., 
1986; Nagahama, 1987a, b). 


Gonadotropin action on thecal and 


granulosa cell layers 


The first step of the stimulating 
effect of gonadotropin in thecal cell 
layers is receptor-mediated activation 
of adenylate cyclase and formation 
of cAMP, the major site of action 


Gonadotropin 


GTH receptor 


[tect 


Fig. 4. Two-cell type model for the production of. 17a, 208-dihydroxy-4-pregnen- 
3-one by salmonid postvitellogenic follicles. 
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probably occurring at the steroido- 
genic step between cholesterol and 
pregnenolone involving cholesterol 
side-chain cleavage enzyme systems 
(Kanamori and Nagahama, 1988a, b). 

The action of gonadotropin on 
208-HSD enhancement in granulosa 
cells was mimicked by forskolin, by 
dbcAMP, but not by dbcGMP, and 
_by two phosphodiesterase inhibitors 
(Nagahama et al, 1985a; Kanamori 
and Nagahama, 1988b). Furthermore, 
gonadotropin and forskolin caused a 
rapid accumulation of cAMP with 


maximum levels at 30-60 min. These 


findings are consistent with the view | 
that cAMP is the second messenger ~ 


of the gonadotropin action in granu- 


losa cells. 
In vitro experiments utilizing 
both protein synthesis inhibitors 


(cycloheximide and puromycin) and 
RNA synthesis inhibitors (actinomy- 
cin D, cordycepin and «-amanitin) 
have revealed that the gonadotropin 
and cAMP induction of 208-HSD 
activity in granulosa cell layers is 
dependent on the activation of new 
Our 
time course studies further suggest 
that de novo synthesis of 208-HSD 
in vitro in response to gonadotropin 


RNA and protein synthesis. 


and dbcAMP occurs, and consists of 
gene transcriptional events within 


the first 6hr of exposure to gonado- 


tropin and dbcAMP, and transcri- 
ptional events 6-9hr after the ex- 
posure to gonadotropin and cAMP 
1985b). Taken 
together, these results suggest that 


(Nagahama et al., 


the de novo 
synthesis of 208-HSD in the amago 


gonadotropin causes 


salmon granulosa cell through a 
mechanism dependent on RNA 
-synthesis. 


Steroidogenic shift occurring in follicle 
cells immediately prior to oocyte 
-maturation 


The capacity of intact follicles- 
to produce estradiol-178 in response 
to the stimulation. 
increases during oocyte growth, but 


gonadotropin 


rapidly decreases in association with 
the ability of the oocyte to mature 
in response to gonadotropin (Kagawa 
et al., 1983). 
by the thecal layer preparations 


Testosterone production 


obtained each month during oocyte 
growth and maturation has revealed 
that the capacity of the thecal layer 
to produce testosterone in response 
to gonadotropin gradually increases 
during the course of oocyte growth 
and peaks during the postvitellogenic 
period; this capacity of thecal cell 
layers is maintained by the period 
of oocyte maturation and ovulation 
(Kanamori et al., 1988). The aro- 


matase activity in granulosa cell 


Steroids and Reproduction in Teleosts 151 


layers increases during vitellogenesis 
and decreases rapidly in association 
with the ability of the oocyte to 
mature in response to gonadotropin 
(Young et al., 1983a; Kanamori et al., 
1988). 
activity appears to be coincident 


This decrease in aromatase 


with the decreased ability of intact 
follicles to produce estradiol-178 in 
response to gonadotropin. Since 
testosterone production in thecal cell 
layers do not decline during this 
time, the reduced production of 
estradiol-178 by 
follicles is due, in part, to decreased 
aromatase activity in the granulosa 
cell layers. 

Immediately prior to oocyte 
maturation, intact ovarian follicles 
of salmonid fish acquire an increased 
17a, 208-DP in 
Thecal 


cell layers do not develop the ability 


ability to produce 
response to gonadotropin. 


to produce 17a, 208-DP in response 
to gonadotropin until immediately 


prior to the oocyte maturation. 
Although granulosa cell layers first 
acquire the ability to convert 


exogenous 1/7a-hydroxyprogesterone 
to 17a, 208-DP in response to gonado- 
tropin about 2 months’ prior to the 
oocyte maturation, an increase in 
endogenous 208-HSD 


granulosa cells occurs during oocyte 


activity in 


maturation. Thus, a decrease in 


postvitellogenic 


C17-20 
steroid dehydrogenase 


176-hydroxy- 
activity in 


lyase and/or 


thecal cells and an increase in 208- 
HSD in granulosa cells appear to be 
the major factors responsible for the 
rapid increase in 17a,208-DP pro- 
duction by the intact follicles during 
oocyte maturation. 

Since the steroidogenic shift from 
estradiol-178 to 17a,208-DP occurs 
in association with the increasing 
concentrations of gonadotropins, it is 
important to investigate the mole- 
cular events by which the shift is 
The 
first step toward elucidation of this 
is the identification and 
characterization of cDNA 
responsible for estradiol-178 and 17a, 
208-DP We 
recently isolated and cloned full- 


regulated by gonadotropins. 


problem 
clones 
biosyntheses. have 
length cDNA inserts complementary 
to the mRNAs 
trout cholesterol side chain cleavage 
17a-hydroxylase/C17-20 
lyase, and aromatase, using human 
cDNA probes provided by Dr. Walter 
L. Miller and Dr. S. Chen (M. Tanaka, 


S. Fukada, N. Sakai, M. Takahashi, 
unpublished). 


encoding rainbow 


enzymes, 


and Y. Nagahama, 
The rainbow trout 17a-hydroxylase/ 
C17-20 lyase cDNA insert contained 
an open reading frame encoding a 
The 
aromatase cDNA insert contained a 


protein of 514 amino acids. 
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protein of 522 amino acids. 
cDNAs in COS-1 


monkey kidney tumour cells and the 


were expressed 


expressed proteins were checked for 
Northern 


of rainbow 


their enzyme activity. 
hybridization analyses 
trout ovarian follicles at different 
with the 
aromatase cDNA probe have shown 
that the levels of mRNA specific for 


aromatase were high in vitellogenic 


stages of development 


follicles, but undetectable in post- 


`- yitellogenic follicles, follicles during 


oocyte maturation, and postvitel- 
logenic follicles (M. Tanaka, S. 
Fukada, and Y. Nagahama, un- 


published). We have also isolated 


cDNA 
inserts complementary to the mRNA 
encoding 208-HSD, for the first time 


in any species, from pig immature 


and cloned full-length of 


testes (M. Tanaka, S. Ohno, S. 
Nakajin, and Y. Nagahama, un- 
published). This probe will make it 


possible to isolate and to clone fish 
208-HSD cDNAs. With these cDNA 
probes now in hand, we are hoping 
to be able to analyze some of the 
molecular events regulating the shift 
in steroidogenic pathway from estra- 
diol-178 to 17a,208-DP occurring in 
the follicle cells immediately prior to 
the oocyte maturation. 


These 


Acquirement of oocytes to mature in 


response to hormonal stimulation 


It has been reported that intra- 
follicular oocytes of several teleosts 
‘develop the ability to undergo GVBD 
in response to hormonal stimulation 
immediately prior to the final oocyte 
For 


medaka follicles acquire the ability 


maturation stage. example, 
to undergo maturation in response to 
gonadotropin 28hr before the ex- 
pected time of spawning (Sakai et al., 


1987). In oocytes of daily spawners, 


kisu (Sillago japonica) and dragonet 


(Repomucenus beniteguri), there is a 
stage in which they can undergo | 
GVBD in vitro in response to gonado- 
tropin stimulation but not to MIH 
(Kobayashi et al., 1988; Zhu et al., 
1989). 
come sensitive to MIH if exposed to 


However, these oocytes be- 


- gonadotropin in vitro or if taken from 


the animals 2-3 hr following the MIH- 
These 
suggest that gonadotropin is respon- 
sible for the 
tional competence of oocytes. More 
recently, Patino and Thomas (1990b) 
found that in Atlantic croaker the 


induction of maturational competence 


insensitive phase. results 


induction of matura- 


occurred after exposure of ovarian 
follicles to HCG either in vivo or in 
vitro, but not with 208-S or various 
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Further- 
maturational 


other exogenous steroids. 
HCG-induced 
competence was inhibited by cyclo- 


more, 


heximide and actinomycin D. Based 
on these findings, together with other 
evidences, these authors suggest two 
distinct stages in the mechanisms of 
gonadotropin induction of oocyte 
maturation in Atlantic croaker: a 
delta-4 steroid (including MIH) and 
estrogen-independent priming stage 
followed by a MIiH-mediated GVBD 
The 
involve mechanisms requiring RNA 
It is 
one of the 


stage. priming stage may 
as well as protein synthesis. 
that 


proteins synthesized by the oocyte 


| highly possible 


during the development of matura- 
tional competence may be the mem- 
brane receptor fo MIH (see below). 


Site of MIH action 


17a, 208-DP was found to be 
ineffective in inducing oocyte matura- 
tion when microinjected into fully 
grown immature oocytes of goldfish, 
but was effective when applied ex- 
ternally. This suggests the possibi- 
lity of a 17a,208-DP receptor in the 
oocytes. Maneckjee et al. (1989) 
reported 17a, 208-DP binding activity 
in the zona radiata-oocyte membrane 
complex of the ovarian follicles of rain- 
bow trout and brook trout, Salvelinus 
these authors 


fontinalis. However, 


also reported binding actiyity for 
17a, 208-DP in cytosolic fractions of 
ovarian homogenates obtained from 
brook trout. We also found a specific 
binding of 17a,208-DP to the mem- 
brane fractions of oocyte cortices 
from maturing rainbow trout (M. 
Yoshikuni and Y. Nagahama, unpub- 
lished). More recently, Patino and 
Thomas (1990a) 
binding of 208-S to plasma mem- 


characterized the 


branes from the ovaries of spotted 
seatrout. Scatchard analyses sug- 
gested a single class of high-affinity 
(Kd, 107° M), low-capacity (107!8- 
107! mol/g ovary) binding sites for 
208-S. The concentration of 208-5 
binding sites in ovaries was signi- 


ficantly higher during final oocyte 


maturation than at earlier stages of 
development. These results strongly 
that the 208-S binding 
activity characterized in the seatrout 
MIH 
Similarly, a specific pro- 


suggest 


ovary represents authentic 
receptors. 
gesterone (a proposed MIH of amphi- 
bian been 


oocytes) receptor has 


demonstrated on the surface of 
Xenopus oocytes (Sadler and Maller, 
1982). 


vations emphasize that the action of 


Taken together, these obser- 


maturation-inducing steroid on the 
oocyte is rather novel in the light 
of conventional concept that steroids 


act through cytosolic or nuclear 
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receptors. Clearly further work is 


necessary to fully characterize 
steroid receptors on oocyte mem- 


branes. 


Maturation-promoting factor 


Presence of MPF in unfertilized eggs 


In a previous study, Dettlaff et 
al. (1977) reported MPF-like activity 
in the sturgeon, Acipenser stellatus, 
oocytes. However, this activity was 
not detected in the 
cycloheximide, a protein synthesis 
inhibitor, so that 
factors upstream of true MPF acti- 
To deter- 


activity is 


presence of 
pretranslational 


vity were not excluded. 
mine whether MPF 

present in the mature fish oocyte, 
we extracted MPF activity from 
human chorionic gonadotropin 
(HCG )-injected goldfish 
oocytes and naturally spawned carp 
oocytes (Nagahama and Yamashita, 
1988). 
crushed by ultracentrifugation at 
100,000x g for ihr in a buffer con- 
taining phosphatase inhibitors and 
EGTA. After centrifugation, the 5 
major layers obtained, from centri- 


mature 


These mature oocytes were 


petal to centrifugal pole, were: 


supernatant, green layer, yolk, cho- 
rion and cortical alveoli. The green 
layer was enriched with cellular 


organelles such as mitochondria and 


endoplasmic reticulum. MPF activity 
of each layer was determined using 
the Xenopus 
MPF activity was localized 


oocyte microinjection 
assay. 
in the supernatant and the green 
microinjection of the green 
MPF activity 
was also extracted from oocytes 
matured in vitro by 17a, 208-DP, but 
not from immature oocytes or acti- 
MPF activity ex- 
tracted from fish was also effective 


layer; 
layer caused cell lysis. 


vated oocytes. 


when injected into immature fish 


oocytes under conditions of inhibited 


The 
oocytes matured much faster than 


protein synthesis. injected 
oocytes induced to mature by incu- | 
bation with 17a,208-DP: GVBDs9 
was around 2.hr in MPF-induced 
but about 6hr when 

17a,208-DP. GVBD 


usually occurred at the center of the 


maturation, 

induced by 
MPF -injected oocytes, because the 
movement of the GV to the animal 
pole did not take place. GV migra- 
tion always occurred in the oocytes 
matured naturally, in vivo by HCG, 
or in vitro by 1%a,208-DP. Thus, 
MPF activity is 
present in mature goldfish and carp 


post-translational 


oocytes. 

MPF from mature oocytes of 
goldfish induced GVBD when injected 
into the South African clawed toad, 


Xenopus laevis, oocytes and vice versa. 
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It was also shown previously that 
goldfish MPF induced maturation of 
immature oocytes of the starfish. 
Asterina pectinifera (Kishimoto, 1988). 
These findings are consistent with 
the notion that MPF is similar among 
vertebrates and invertebrates (Kishi- 
moto, 1988). 


Purification of carp MPF 


In spite of efforts in several 
laboratories, progress in MPF puri- 
fication has been very slow until 
very recently. The breakthrough in 
purification was achieved by Lohka 
et al. (1988), who purified Xenopus 
MPF approximately 3,000-fold; this 
MPF fraction contained two predo- 
minant proteins, with relative mole- 
cular mass of 34 and 45kd, respec- 
tively. The former protein has been 
identified as the Xenopus homolog of 
a fission yeast protein encoded by a 
gene (cdc2*), which is required for 
the G2/M transition in mitotic cell 
1988). The 


product of the cdc2* gene is a 34 kd 


cycle (Gautier ef al., 


serine/threonine protein kinase, desi- 
An- 
other component of the Xenopus MPF, 
the 45 kd protein, has been identified 
as a Xenopus B-type cyclin (Gautier 
et al., 1990). Similar MPF has also 
been purified in starfish (Labbe et al., 
1989a, b). | 


gnated p34°t°? or cdc2 kinase. 


We recently purified and: charac- 
terized MPF from 100,000g super- 
natant of crushed, naturally ovulated, 
unfertilized eggs of carp using four 
chromatographic steps including Q- 
Sepharose Fast-Flow, p13°"*!-affinity 
Sepharose, Mono S, and Superose 12 
(Yamashita et al., 1991). MPF acti- 
vity of various fractions during 
purification was determined by the 
Xenopus oocyte microinjection assay. 
Analyses by SDS-polyacrylamide gel 
(PAGE) showed that the most active 
fraction after Mono S contained four 
proteins, with molecular masses of 
33, 34, 46 and 48kd (Fig. 5). When 
the active fractions after Mono S 
were applied to Superose 12, MPF 
eluted as a single peak with an 
apparent molecular weight of about 


kD 


94 > 
67 > 


43 > 


30> | 


14.4 > 


Fig. 5. Silver-stained SDS-PAGE of 
proteins of the purified carp 
‘maturation-promoting factor. - 
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100kd. SDS-PAGE of the active 
fraction after Superose 12 revealed 
the same four proteins as those 
obtained after Mono 5, indicating 
that these proteins form complex(es) 
of about 100 kd in their native form. 
The final preparation was- purified 
over 1,000-fold with a recovery of 
about 1%. 

Because of the similar molecular 
weight of the 33 and 34kd proteins 


and that of cdc2 kinase, we raised a 


monoclonal antibody against a unique’ 


stretch of 16 amino acids (EGVPST- 


AIREISLLKE), termed the PSTAIR 


sequence, that is perfectly conserved 


-in cdc2 kinase and its homologs from 


yeast to man (Yamaguchi et al,, 1991). 
This antibody recognized the 33 and 
34 kd proteins, indicating that these 
two proteins are cdc2 kinase homo- 
logs. Furthermore, purified carp 
phosphorylated 
Since the 


remaining two proteins of carp MPF 


MPF preparations 
the 46 and 48 components. 


were considered to be cyclins, we 
attempted to isolate cDNA 
encoding goldfish cyclins from cDNA 


clones 


libraries of the mature ovaries of 
goldfish; a Xenopus cyclin A cDNA 
(kindly’ given by Dr. T. Hunt, Cam- 
bridge) 
conservative sequences of cyclin B 


and oligonucleotides for 


as probes (Hirai ef al., unpublished). 


cdc2 kinase 


cyclin B 


Fig. 6. Two subunits of the purified 
carp maturation-promoting 
factor. 


Two types of cyclin cDNA clone 
(cyclin A and B) were isolated and 
sequenced. The deduced amino acid 
sequences for goldfish cyclin A and 
B have a 35% homology. These two 
cDNA clones were inserted into pET3 


and expressed in £. coli (BL2, DE3). 


Monoclonal antibodies against bac- 


terially expressed goldfish cyclin A 
and B were raised, and used to 
detect cyclin proteins in purified carp 
MPF preparations by the Western 
blotting. The 46 and 48 kd proteins 
were recognized by the anti-cyclin 
B antibody, but not by the anti- 
cyclin A antibody, indicating that 
these two proteins are cyclin B. 
Taken together, these results indicate 
that carp MPF consists of cdc2 kinase 
and cyclin B. These findings make 
it technically feasible to address 
about the 
mechanisms of MIH-induced MPF 
activation and MPF action on GV BD, 


chromosome 


long-standing questions 


condensation, spindle 
formation and other meiotic pro- 


cesses. 
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TESTIS 


Structure 


The teleost testis, as in other 


vertebrates, is composed of inter- 


stitial and lobular (tubular) com- 
partments. The interstitium between 
lobules consists of interstitial cells 
(Leydig cells), fibroblasts, and blood 
The lobular 


(tubular) component of the teleost 


and lymph vessels. 


testis contains two cell types: germ 
cells and distinct somatic cells lining 
the periphery of the lobule, Sertoli 
cells. Various enzymes involved in 
steroid hormone syntheses have been 
demonstrated by histochemistry in 
the interstitial cells of the testes of 
a number of teleosts (Nagahama, 
1983). 


vations have shown that the testi- 


Electron microscopical obser- 


cular interstitial cells of the teleosts 
possess ultrastructural features com- 
monly found in the steroid-producing 


cells (Nagahama, 1983). It is still 
uncertain whether Sertoli cells can 
produce steroids. Ultrastructural 


evidence generally does not indicate 
steroid synthetic capacity for these 
cells. However, certain species do 
seem to have some of the appropriate 
histochemical and ultrastructural 


features (Nagahama, 1983). 


Spermatogenesis 


Spermatogenesis in teleost fish 
takes place within testicular cysts 
Within each 
cyst germ cell development occurs 
synchronously (Grier, 1981; Billard 
et al, 1982; Nagahama, 1983). In 
salmonids, the cells in most cysts 


formed by Sertoli cells. 


Fig. 7. Photomicrographs of toluidine blue-stained lym sections of eel testis 
explants. Control testis (A) and testis cultured for 36 days with 10 ng/ml 


li-ketotestosterone. 250. 
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composing the same testes are syn- 
chronized and contain germ cells at 
the same spermatogenic stage. Under 
the influence of  gonadotropins, 
growth of testes in these animals 
can be substantially accelerated. 
Thus, it is possible to obtain germ 
cells at any stage during the sper- 
In the cultivated 


male Japanese eel, type A and early 


matogenic process. 


type B spermatogonia are the only 
germ cells present in the testis (Fig. 
7A). Type A and early type B 
spermatogonia. are primitive sper- 


matogonia that have not begun to 


proliferate. Thus, studies using these 


animals may provide considerable 


advantages over the use of highly 


complex spermatogenic systems in 
higher vertebrates. 


Steroid production during spermato- 
genesis . — | | 

In male amago salmon, as in 

other teleost species (Fostier et al., 


1983, 1988), 
testosterone and 11-ketotestosterone 


the plasma levels of 
are high during the later stages of 
spermatogenesis and rapidly decline 
after the onset of spermiation (Ueda 
1983a ). 
studies on 11-ketotestosterone pro- 


et al. In vitro incubation 
duction by testicular fragments at 
different stages of development have 


revealed that the capacity of the 


fragments to produce this steroid in 
high 
during the later stages of spermato- 


response to gonadotropin is 


genesis and rapidly declines after the 
onset of spermiation (Sakai et al., 
1989). 
androgens are involved in the sper- 


These results suggest that 


matogenesis in amago salmon. 
Hormonal regulation of spermato- 
genesis | 


Spermatogenesis in teleosts has 
been considered to be under gonado- 


tropin control (Clemens and Grant, 


1965; Billard et al, 1982). It is | 
generally assumed, however, that in 
teleosts gonadotropin does not act . 
directly to induce spermatogenesis 


and spermiation but works in concert 


with testicular somatic elements to 
stimulate the production of steroidal 
mediators. | 

Recently, we have initiated in- 
vestigations on the hormonal re- 
gulation of spermatogenesis using 
the cultivated male Japanese eel as 
As described 


above, the testis of the male Japanese 


an experimental model. 


eel contains only primitive spermato- 
gonia. A single injection of HCG to 
these males induced spermatogenesis 
within 18 days (Miura et al., 1991la). 
Within 1 day after the HCG injection, 
Leydig cells and Sertoli cells were 


markedly activated. Subsequently 
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(3 days after HCG injection), sper- 
matogonia began proliferation and 
the type B spermatogonia appeared. 
Following approximately 10 mitotic 


divisions, spermatogonia begun 
meiosis; spermatocytes with syn- 
aptonemal complex . first appeared 


in testes 12 days after the injection. 


Spermatids and spermatozoa were 
Thus, the 


Japanese eel testis provides an ex- 


observed after 18 days. 


cellent system for analysis of the 


control mechanism of spermato- 
genesis. 

A serum-free, chemically defined 
organ culture system for eel testes 
has been developed, and used to 
investigate the effect of HCG and 
various steroid hormones on the 
induction of spermatogenesis in vitro. 
Cultures of testicular fragments in 
the media containing HCG induced 
the entire process of spermatogenesis 
from premitotic spermatozoa within 
24 days (Miura et al., 1991b). This 
HCG-induced spermatogenesis was 
accompanied by a marked activation 
of Sertoli cells and Leydig cells 
occurring prior to the beginning of 
spermatogonial proliferation. Leydig 
cell activation was characterized. by 
the ultrastructural features of. active 
steroid production. Furthermore, the 
addition of HCG to the culture media 


containing testicular fragments in- 


duced a marked, rapid in¢rease in 
11-ketotestosterone production. These 
indicate that 


spermatogenesis in the 


results gonadotropin 
triggers 
Japanese eel, and further suggest that 
this effect of gonadotropin is mediated 
through the 


somatic cells, probably through the 


actions of testicular 
production of 11-ketotestosterone by 
Leydig cells. 

then 
designed to examine the effects of 


Other experiments were 


11-ketotestosterone and related 
steroids on the induction of spermato- 
genesis in vitro. Similar to the case 
of HCG, 11-ketotestosterone could 
induce all stages of spermatogenesis 
including-spermatogonia proliferation, 
meiotic division and spermiogenésis 
in vitro within 21 days (Miura et al., 
1991c) (Fig. 7B). 


also caused a marked cytological 


11-ketotestosterone 


activation of Sertoli cells, but not 
Leydig cells, suggesting that the 
action of 11-ketotestosterone on 
spermatogenesis is mediated through 
the action of Sertoli cells (Fig. 8), 
This is the first animal system in 
which the entire process of sper- 
matogenesis has been induced by 
hormonal ` manipuration in vitro. 
Thus, the 


developed for the eel testes should 


organ culture system 


aid us in dissecting out the many 


complicating factors involved ‘in 
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Gonadotropin 


TESTIS 


Leydig cell 


11-Ketotestosterone 


Sertoli cell 
( 


?) 
Meiosis-initiating | 


substance 


(?) 


Fig. 8. An attempted integration of 
the hormonal regulation. of 
spermatogenesis in the eel 

— testis. 


spermatogenesis and the roles Leydig 
cells and Sertoli cells play in this 
process. | 


Maturation 


Although fish spermatozoa in the 
testis have already completed two 
meiotic divisions, they may not be 
For 


spermatozoa in the 


fertile. example, salmonid 


testis are 
immotile, and acquire their motility 
during passage through the sperm 
duct (Morisawa and Morisawa, 1986). 
Furthermore, spermiation, which is 
prerequisite for successful fertiliza- 
tion, generally occurs in the teleosts 
immediately before or during spawn- 


ing period. | 


Steroid production during the final 


testicular maturation 


High concentrations of 17«, 208- 
DP have been reported in the plasma 
or serum of several species of 
salmonids during spermiation (Ueda 
et al, 1983a, 1983b, 1984; Scott and 
1982). the 


capacity of testicular fragments to 


Baynes, Furthermore, 
produce 17a,208-DP is low during 
spermatogenesis and increases sharp- 
ly at the time of spermiation (Ueda 
et al., 1983b; Sakai et al., 1989). 
Thus, a distinct shift in the stero- 
idogenic pathway from androgens to 
17a, 208-DP appears to occur in the 

testis of amago salmon at the onset of | 
spermiation (Sakai et al., unpublish- 
ed). 
20B-DP plays a role in the process 


These results suggest that 17a, 


of final testicular or sperm matura- 
tion in some teleosts. 


Using three different testicular 


preparations (intact testicular frag- 


ments, sperm-free testicular frag- 
ments and sperm preparations), we 
examined the effects of gonadotropin, 
17a-hydroxyprogesterone on 17a, 208- 
DP production. Intact testicular 
fragments produced a large amount 
of 17a, 208-DP in response to gonado- 
tropin or 17a-hydroxyprogesterone. 
Neither sperm-free testicular frag- 


ments nor sperm preparations alone 
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were capable of producing 17a, 208- 
DP in response to gonadotropin. 17a- 


hydroxyprogesterone markedly sti- 
mulated 17a, 208-DP production by 
sperm preparations, but not by 
sperm-free testicular preparations 


(Ueda et al., 1984). 
of sperm preparations with [!4C]17a- 
17a, 208-DP 
identified as the only major 


After incubation 


hydroxyprogesterone, 
was 
metabolite. These results suggest 
that the site of 17a, 208-DP pro- 
duction is sperm, but its production 
depends on the provision of a pre- 
cursor steroid, probably 17a-hydroxy- 
progesterone, by testicular somatic 
cells, and that the distribution of 
208-HSD in the testis of spermiating 
rainbow trout is limited to only to 
sperm. More recently, Asahina et al. 
(1990) reported that isolated sperm 
of the common carp contain 20a-HSD. 
In contast, Loir (1988) reported that 
in spermiating rainbow trout the 
various testicular cell preparations 
mostly devoid of sperm secrete 17a, 
208-DP regardless of gonadotropin 
stimulation. a 


Hormonal regulation of spermiation 


The 
suggest the possible involvement of 


results described above 
17a,208-DP in the process of sper- 
miation. This is strongly supported 


by our studies demonstrating that a 


single injection of gonadotfopin to 
non-spermiating amago salmon in- 
duced precocious spermiation 1-2 
months prior to the normal spermia- 
concomitant with a 


tion period, 


marked increase in plasma levels of 


17a,208-DP. Similarly, two suc- 
cessive injections of 17a, 208-DP 
caused precocious spermiation, but 


the response to 17a, 20g-DP was 
than to 


Neither testosterone 


of lesser magnitude 
gonadotropin. 
nor 11-ketotestosterone were effective 
(Ueda et al, 1985). 
together, these results provide evi- 
dence to suggest that 17a, 208-DP is 


a testicular steroidal mediator of 


Considered 


gonadotropin-induced spermiation in 
salmonids. Similar suggestion has 
also been made for goldfish (Koba- 


yashi et al., 1986). 


Hormonal regulation of sperm moti- 
lity Í 


It seems most likely that in 
mammals the development of sperm 
motility is dependent on hormones, 
especially androgens (Hoskins et al., 
1978). 
about the role of hormones in the 


However, nothing is known 
acquisition of sperm motility in 
teleosts. 
this 


information 


We have begun to explore 
question by acquiring basic 


about the effects: of 
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steroid hormones on the acquisition 
of sperm motility in salmonids 
(Miura et al., 1991d). In masu salmon, 
in the 


testis and in the sperm duct are not 


Oncorhynchus masou, sperm 


motile. If the sperm duct sperm are 
diluted with fresh water, then for 
the first time, 


On the contrary, if testis sperm are 


they gain motility. 


diluted with fresh water, they will 
not become motile. Thus, two se- 
parate processes are involved in the 
induction of sperm motility in 
salmonids. One is the acquisition of 
motile ability when shifting from the 
testis to sperm duct, and the other 


is the initiation, of motility when 


diluted with fresh water. Early in | 


the breeding season, however, sperm 
from the sperm duct do not gain 
motility even when they are diluted 
with fresh water. This characteristic, 
namely the period during which 
sperm become motile, makes the 
masu salmon a good system for 
studying the endocrinological mech- 
anisms involved in the acquisition of 
sperm motility. : 

We first examined the effects of 
two successive daily intramuscular 
injections of three steroid hormones 
(17a, 208-DP, testosterone and 11- 
ketotestosterone) on the acquisition 
of sperm motility in masu salmon 
during the early breeding season. 


Injections of 17a, 208-DP significantly 
raised the percentage of motile sperm 
and the duration of sperm motility. 
In contrast, the other two steroids 
showed no significant effect on the 
sperm motility. Similar stimulatory 
effects of 17a,208-DP on the sperm 
motility were observed in the Ja- 
panese eel, Anguilla japonica (Yama- 
uchi et al., 1987; Miura et al., unpu- 
blished). These results suggest that 
17a,208-DP is 
acquisition of sperm motility in masu 


involved in the 


salmon and eel. 

Since immotile spermatozoa ob- 
tained from the sperm duct did not 
develop motility when they were. 
incubated in an artificial seminal 
plasma at pH 7.4 containing various 
doses of 17a, 208-DP, it is suggested 
that 17a,208-DP has no direct action 
on the development of sperm motility. 
We then examined the effects of 
on the pH of 
seminal plasma of male masu salmon 


hormone injections 
during the early breeding season, 
when spermatoza in the sperm duct 
are still immotile, was significantly 
lower (pH 7.4-7.5) than that of the 
sperm duct of males during the 
active breeding season (pH 8.5). 
Injection of both SGA and 17a, 208- 
DP significantly increased the pH of 
the sperm duct from 7.4 to 8.0. In 
these did not 


contrast, injections 
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Neither 
11-ketotestosterone nor testosterone 


increase the pH of the testis. 


injections were effective in raising 
the pH of the testis of sperm duct. 
Collectively, these results suggest 
that the action of 17a, 208-DP on the 
acquisition of sperm motility is 
mediated through an increase in pH 
of the sperm duct. 

In the next experiment, the effect 
of pH on the acquisition of sperm 
When 
immotile spermatozoa collected from 
the testis 
artificial seminal plasma of varying 


motility was investigated. 


were incubated in an 
pH, these spermatozoa acquired the 


capacity for motility in artificial 
seminal plasma of pH higher than 
7.8. Furthermore, spermatozoa in- 
cubated in the pH range 8.0-9.0, 
Which is the same pH range at 
which the 
motility occurred had significantly 
elevated levels of cAMP. 


also 


acquisition of sperm 
Immotile 
acquired 
motility when incubated with 
dbcAMP, but not with dbcGMP 
(Miura et al., unpublished). 

The findings described above led 
us to conclude the following sequence 


testis spermatozoa 


for the acquisition of sperm motility 
in masu salmon; gonadotropin stimu- 
lates the testis to induce the produ- 
ction of 17a,208-DP, which acts to 
increase sperm duct pH, this in turn 


Gonadotropin 
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Fig. 9. An attempted integration 
of the hormonal regulation 
of acquirement of sperm 
motility in salmonids. 


increases cAMP in sperm allowing 
the acquisition of sperm motility 
(Fig. 9). 


CONCLUSION 


In this article, I have attempted 
to present a current picture of the 
hormonal regulation of gametogenesis 
in teleosts. Steroidal mediators of 
oocyte growth and maturation have 
identified in 


species. The steroidogenic shift that 


been several teleost 
occurs immediately prior to oocyte 
maturation seems to be prerequisite 
step for growing oocytes to enter the 
final and 


requires a complex and integrated 


stage of maturation, 


network of gene regulation involving 
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cell-specificity, hormonal regulation 
and developmental patterning. To 
investigate the molecular basis for 
this switch, our current efforts center 
on the cloning and sequencing of the 
genes encoding several steroidogenic 
enzymes responsible for estradiol-178 
and 17a,208-DP biosyntheses. The 
chemical nature of the three media- 
tors of oocyte maturation in fish 
(gonadotropin, MIH and MPF) has 
been determined. Our microinjection 
and biochemical studies have led to 
identification of a new mechanism 
of steroid hormone action in which 
MIH (17a,208-DP and 20g-S) acts 
on oocyte plasma membrane receptors. 
It has also been shown that fish MPF 
is similar to that of Xenopus and 
starfish in its activity as well as its 
Thus, the fish 


oocyte system provides an excellent 


chemical nature. 


model for studying the regulation of 
the meiotic cell cycle in general. 

It has become apparent from our 
that 
involved in 


studies and others separate 
steroidal mediators are 
spermatogenesis and final testicular 
Develop- 


chemically 


maturation in teleost fish. 
ment of a serum-free, 
defined organ culture system for eel 
testes has made it possible to identify 
the major steroidal mediator of eel 
spermatogenesis as 11-ketotesto- 


sterone. Since 17a,208-DP was 


shown to be a steroidal mediator 
responsible for the acquisition of 
sperm motility in masu salmon, this 
steroid has now been proved to be 
the common endocrine mediator of 
sperm maturation in 
A shift in steroido- 
genic pattern from C19-steroids to 


oocyte and 
salmonid fish. 


C21-steroids seems to occur in testes 
of several teleosts immediately prior 
to or during the period of final 
testicular maturation. These findings 
on teleosts may be one of the best 
documented examples of the role of | 
steroid hormones in the regulation 
of spermatogenesis and final testi- 
cular in vertebrates, and will certain- 
ly provide the basis for a study at 
the molecular levels of hormonal 
regulation of the male germ cell 
development and maturation. 
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